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DISCLAIMER

This report was prepared as an account of work  sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of thei r
employees, makes any warranty, express or implied, or assumes any legd  ligbility or responsbility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or represents
that its use would not infringe privatdy owned rights. Referenceto  any specific commercia product,
process or service by trade name, trademark, manufacturer, or otherwise does not necessaril vy
condtitute or imply its end orsement, recommendation, or favoring by the United States Government
or any agency thereof. The views and opinions of authors expressed herein do not necessarily State
or reflect those of the United States Government of any agency thereof.



ABSTRACT

The Oxy West Welch Project is designed to demongrate how the  use of advanced technology
can improve the economics of miscible CO , injection projectsi n lower quality shalow shelf carbonate
reservoirs. The research and development phase (Budget Period 1) primarily involved advance d
reservoir characterization. The current demonstration phase (Budget Period 2) will implement the
reservoir management plan for an optimum miscible CO , flood design based on the reservoi r
characterization.

Although Budget Period 1 officidly ended 12/31/96, reservoir characterization and optimum
flood design has continued into the first part of Budget Period 2. Specifically, the geologic model
was enhanced by integration of the 3-D seismic interpretations. This resulted in improved histor 'y
match by the smulator and more accurate predictions of flood performance on which to baseth e
project design.

The mgority of the project desgn work hasbee n completed, material specifications provided
and bids solicited. Preparation of the demonstration areais well underway.
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EXECUTIVE SUMMARY

TheWest Welch Unit is one of four large waterflood unitsin the Welch Field located in the
northwestern portion of Dawson County, Texas . The Welch Field was discovered in the early 1940's
and produces oil under solution gas-drive mechanism from the San Andres formation a t
goproximately 4800 ft. Thefidd hasbeenunder  waterflood for 30 years and a significant portion has
been infill drilled on 20-acre dengity. A 1982-86 pilot CO , injection project on the offsetting South
Welch Unit yielded positive results. The recent installation of a CO , pipdine near the field alowed
the phased development of amiscible CO , injection project at the South Welch Unit.

The reservoir qudity is poorer a the We st Welch Unit due to its relative position at sealevel
during depasition. Because of the proximity of the CO , source and the CO, operating experience that
would be available from the South Welch Unit, West Welch isthe ideal location for demonstrating
methods for enhancing economics of I0R projectsin lower qudity sh - alow shelf carbonate reservoirs.

The West Welch project is divided into two phases; Budget Period 1 and 2. Budget Period
1, which ended 12/31/96, involved a detailed reservoir characterization effort which attemptedt o
integrate advanced petro physics with 3-D selsmic and cross well tomography to identify mgor flow
units and ther interwell distribution. The resulting geologicmo  del was used in the reservoir simulator
to forecast the performance asabassfo r developing an optimum CO , miscible flood design. Budget
Period 2 covers the installation and actua field demonstration of the project.

Some of thereservoir charact erization and project design carried over into Budget Period 2.
The bulk of the reservoir characterization work during the third annual reporting period (8/4/96 -
8/3/97) invol ved refinement of the seismic-guided mapping and integration of this mapping into the
geologic model. The resulting enhanced geologic mode alowed the smulator to achieve abette r
history match and was further refined by improved relative permesbility curves that accounted fo r
hysterises. The rock typing was aso revised. The result was a better deterministic model whic  h
provided a more accurate performance projections for use in optimizing the miscible CO , project
design.

Work was dso c ontinued on interpretation of the cross well seismic data. Although none of
the tomograms have yet been int egrated into the geologic model, it appears that the interpretation is
progressing to the point where the crosswell seism ic can be utilized in the reservoir characterization.

Based on the optimum project design, materia specifications were prepared for bi d
solicitation. Much of the well work has been completed including the drilling of a well whic h
completes the south injection pattern.  Actua construction of facilitiesis underway and CO , injection
is projected to began October 1997.



DISCUSSION
FRACTURE STIMULATIONS

Cogt estimates for two Szes of fracture treatmentswere  obtained for the injection wellsin the
project area. The fracture treatments will be done during the early part of Budget Period 2 with the
purpose of improving injectivity and sweep improvement of the CO , flood. The smaller jobs wer e
designed for the north area where the wells have been infilled with the larger jobs designed for the
injectors in the south area where wells are on wider spacing.

3-D SEISMIC INTEGRATION

The second stage of the geologic modeling involved the integration of the 3-D seismic data
and the well datato capture theinterwell porosity  variations portrayed by the seismic interpretations.
The seilamic data over the project area has been used to generate porogity  and porosity thickness maps
for the two main p ay intervals®. These properties were then distributed to the geologic model layers
using the average porosity distribution from the closest available wellbores for the distribution o f
porosity at the particular bin location 2. Initial Smulation runs using this enhanced mode! resulted in
a good match with historical total fluid production, indicating that the integration of seismicdat a
improved the characterization of rock properties such as porosity and permeability. However, th e
forecasted water/oil ratio was low to the historica rates (i.e. oil production too high and wate r
production too low) suggesting a problem with relative permeability and/or floodable pay.

The seismic-generated maps were used in an attempt to determine locations of barrierst o
waterflooding. Areas on the maps that showed rapid decreasesin porodty  were interpreted as barriers
to flow. These apparent barriers were inserted in layers 1 through 4 in the geologic model, but they
had little impact on the forecasted oil recovery. Next, the barriers were extended through additional
layers. The find smulation results reduced the model’s il production by only 500-600 thousan d
barrels of oil, which still did not match actua performance.

Another approach to locating barriers was to use the seismic cross-sections to determin e
where flat spots or unusua reductions in the seismic troughs occurred. This approach gave results
gmilar to the saismic-generated map method, both in terms of the barriers location and the reduction
in the smulator forecasted oil production. Barriers are not the only parameters controlling th e
water/oil ratio, so the accuracy of the barrier location from seismic data can not be judged at thi s
time.

Seveard wdlsweredrilled outsde the project area  based on the latest seismic-guided porosity
maps. The porosity logs showed an average porosity within %2 of a porosity unit of the predicte d
vaue from the selsmic-guided mapping. The mapping hasidentified additional locations just south
of the project area that could be devel oped.

CROSSWELL SEISMIC



Shear wave and vertical seismic profile (VSP) processng completed on the 15 lines. Th e
results show the shear wave data has more detail than the compression wave lines.

Due to the nature of the earth, where the rock density increases with depth, for reflectio n
surveysthe ray path is actualy bent or curved leading to problemsin placing the reflection event at
the proper depth. Changes to the processing software corrected this curvature, alowing th e
reflections and cdculated veloc ities to be placed at the proper depth which improved the correlation
of seismic and wellbore data.

Because thereflected Sgndsar e very weak, additiona work to remove noise and interfering
wave train components hasimproved thereflec tion surveys. Examples of the most recent results are
shown in Figs 1 and 2 which digplay theimagesfor aninterval from 4800 ft to 5000 ft, referenced
a thesource wdl. Traces are shown at one-foot laterd spacing  and are zeroed above 4800 ft. Figure
1 isin the north between WWU7916 (source) and the WWU7914 (receiver) where the reservoi  r
qudity is poorer and more heterogeneous. The section shown starts about 200 ft from WWU7916
and extends about 100 ft to the northwest. In generd, the  reflection peaks match the dense zones and
troughs match the porous zones 0 n the 7916 neutron-density log. Thereis also agenera correation
between the seismic section and the porosity log on WWU7914. The dendity log shows negativ - e
porogty vauesin the same depth range asthe amplitude pesksonthesa  amic. Two peaks can be seen
merging in the central portion of this section, showing a significant geologic change that couldb e

trapping oil.

Fgure 2 coversareservo ir interva that is considered to be more uniform than the sectionin
Fig 1. Thesame 4800 ft to 5000 ft inter val and one-foot lateral trace spacing are shown. The images
suggest amore uniform reservoir section than Fig 1.,which agrees with the depositiona mode.

The quality of seism ic data gathered from the fifteen line survey varies greetly between lines
and even dong individud lines For this reason, the effort has focused on lines 1,2,7,9,11,12, and 13
which contain t he best data. Three of these lines are from the north pattern and four from the south
pattern. Rotating the phase aong individua trace segments was required to compensate for th e
random orientation of the receivers. The revised sections on the seven lines are showing redistic -
looking seismic anomalies with 8-10 ft vertical resolution.

Synthetic seismograms were generated from sonic and dendty logs on WWU3210
WWU4852, and WWU7916 and used to check the correlation of the cross well reflections.

NUMERICAL SIMULATIONS

A radiad moded was set up to simulate the water dternating gas (WAG) injection test run in
the WWU4816w injection well. The objective was to obtain a history match of the fieldtestb y
adjusting the relative permeability hysterises curves. Alternating three-day injection periodsof CO
followed by water then CO , again were run and the relative permesbility a djusted until the bottomhole
injection pressures measured during actud injection were maiched . The resulting relative permeability



hysterises curves were input into the full area model to smulate the WAG cycles to be evduated
Using the exact curves from the radiad model proved impossible and the new hysterises curves had
to be adjusted closer to the original mode curves for the full model to run to completion.

The smulator used the new hygterises curvesto predict the performance of several scenarios

to determine an optimum operating plan for the project which would maximize the economics. A
continuous CO, injection case was run to aid in designing the CQ  digtribution system. Figure 3
showsthe forecasted production for three scenarios. The continuous case assumes continuous CO
injection three years before switching to aternating one month water then one month CO , WAG
injection. The base case assumes six months of continuous CO , before changing to the 1:1 WA G
injection. The fracture case is identical to the base case except the eight injection wells in the south
had high permeability values applied east and west for four gridblocks from the wellbore gridblock

to simulate a 400 ft fracture.

The base geologic mode | was enhanced by incorporating seismic data to define the interwell
properties. Since the seismic traces were on approximately the same spacing as the modd grids
reservoir properties of porosity and permesbility were available at each grid block. The multipliers
to porosity and/or permesability were not applied as in the base model which only used wellbor e
vaues Thisenhanced modd prod uced the correct volumes of total fluid, but the water/oil ratio was
wrong.

The first change attempted to the seismic model was the addition of flow barriers based on
seismic data as previoudy described. This did not produce sufficient change in the produced flui  d
ratio, so net-to-gross pay ratio was investigated. Dimensionless type curve analysis 2 indicated that
anet-to-gross pay multiplier needed to be applied to certain spots in the project area. Under initia
injection or producing conditionsawed| exhibitsadeclinein producti  on or injection based on the total
pore volume connected to the wellbore. Once steady state conditions are reached the declin e
dabilizes and and the connected pore volume between injector and producer controls the flow. By
assuming aunit mohili ty ratio during waterflooding and ratioing the initial permesability-thickness to
the steady state per meability-thickness, the net to gross multiplier resulted. The analysis gave good
results when the production or injection wells were operating under reasonably stable condition s
which prevent the generation of “noise’.

The oil/water ratio match was improved by changing the mix of relative permesability roc  k
typesto modify the relative permeability relationships with only dight changesin the actua relative
permesahility curv es. This change increased the overall resdua oil saturation to waterflood. Higher
oil saturation and the larger pay volume resulting from eim  ination of net/gross pay modifiers resulted
inalarger volume of oil availableasa CO , target.

The mix of rdative permesbility rock typesisacrit ica factor in obtaining agood oil recovery
forecast. Initidly, the rock types were designated by layer based on dominance of the compute d
wettabil ity from well logs. Further review showed that the oil wet pores affected the well logsfa r
more than the actu a percentage of oil wet pores present. Therefore, the relative permeabililty rock



type was changed to the predominant rock type (water wet) expected from the geologi ¢
interpretation. This shows the laboratory scale rock types do not easily scale up to the scaleo  f
simulator grids.

The revised mode was used to forecast CO , performance which projected an increase d
recovery compared to the base modd. A larger volume of CO , will be required to redize the higher
recovery. The performance forecast dso showed asignificant drop in production rate in the early life
of the CO, flood. This comes about asaresult of reducing injection  pressures to stay below formation
fracture gradient. To prevent this drop from occurring, injection rates have been cut back during the
2nd quarter of 1997 to alow reservoir pressures to stabilize at a lower pressure prior to CO
injection. Asaresult of lower injection pressures, total fluid production dropped from 6,790 barrels
per day to 6,417 barrels per day in only 48 hours with no measurable changein oil rate.

ECONOMIC ANALYSIS

The smulation perfo rmance forecasts for the various operating scenarios were converted to
cash flow projectionsfor evauation purposes. Thisrequired et imation of development and operating
costs and a forecast of future prices ($19.09/Bbl oil and $13.39/Bbl NGL escalated at 4%/annu m
from 11/1/97). The project economics for the fracturing caseusing  the WWU 10 equation of state and
the base geologic modd was one scenario. Under this scenario, an additional two million barrels of
oil were recovered over a 14 yr period. The gross CO , utilization was 17.4 MCF/Bbl. The indicated
gross (no DOE funding) project economic indicators were a 13.8% annual rate-of-return and a 7.4
yr. payout. Modifying the equation of stateredu ced the rate of return to 5.8% and reduced recovery
to L5 million barrels of oil. With this change the CO2 utilization ratio increased to 19.0 MCF/BblI.

Additional economic analyses were performed on the revised forecasts resulting fromth e
enhancement of the geologic modd. The gross project economic s gave a42.3% annua rate-of-return
witha4.1yr payout. The CO2 utilization ratio reduced to 11.0 MCF/Bbl and incremental reserves
were again two mill ion barrels of oil. The difference in economics shows the value of the advanced
reservoir characterization.

PROJECT AREA PREPARATION

CO, supply and digribution systems were designed and materid specifi - cations completed. The
specifications were used to solicit bids for the materials. Successful bidders were selected an d
materias ordered.

OXY engineers used the information from the Smulation modd to design  facilities. The model
provided rates and pressures for each row of injecti on wells. A minimum and maximum injection rate
and amaximum bottomhole injection pressure were specified for each injection well. Theline sizing
and wdlheed fittings were then specified to keep thep  ressure differentials to less than 20 ps per mile
and thus keep velocities to a minimum. Pressure losses from vaporization are to be avoided by
keeping line pressures above the CO ,, critical pressure.



Each injection well assembly iscomprised of  aline blind (for changing to and from water and
CO, injection) aline strainer turbine meter and manual choke assembly. Where the piping could be
exposed to water, stainless steel was used instead of carbon stedl. Additionally, supply mete r
locations use A333-Grade 3 or 6 piping dueto the low temperatures expected during blowdown and
depressurization.

Also, the production and gas gathering facilities are being upgraded to alow more detailed
measurement of the produced fluids. The gas gathering system will deliver the total produced ga s
dream to the Welch gas plant for: 1) removd of the natura gasliquids (NGL) consisting of propane,
and heavier components, 2) compression, and 3) return of the CO , volume contaminated with residue
gas for reinjection. The contaminated gas will have a higher miscibility pressure of about 1450 ps i
than the original 1200 ps for pure CO ,.

Thereduction in injection pressure mentioned under Numerical Simulation was achieved by
temporarily shutting in al 18 active injector wells in the project area. The wells were returnedt o
injection at rates which kept the surface pressure below the target established by utilizing results of
7-gep rate tests that have been run recently. In addition, p  roducing wells WWU4846 and WWU4832
were worked over. Pre-workover injection surveys were run on WWU4807w and WWU4816w.

WWU4854 was completed during the second quarter of 1 997 to complete the south injection
pattern (Figure 4). Well logs from WWU4854 along with previous fracturing work  * were used to
create afracturing model for design of the fracture treatment for thiswell.

TECHNOLOGY TRANSFER

During the third annual reporting period, seven presentations were made before variou s
industry groups. In addition, two poster sess0 n were conducted at technical meetings. One technical
has been published by team members on various aspects of the project °.
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Figure 1 Portion of the crosswell reflection survey between wells 7916 and 7914.
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Figure 2 Portion of the crosswell reflection survey between wells 4852 and 4809.
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Figure 3 Smulation mode forecasts for various operating scenarios.
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